The Wide Field of View Cherenkov Telescope Array (WFCTA), a main component of the Large High Altitude Air Shower Observatory (LHAASO), requires the dynamic range from 10 to 32000 photoelectrons (pes) and the stable gain for the photosensors. Silicon photomultipliers (SiPMs) are new type of photosensors with respect to photomultiplier tubes (PMTs), the performance of which is improved rapidly since 1990s. SiPM do not suffer any ageing even with strong light exposure and the SiPM-based cameras could operate with high moonlight and their duty cycle is much larger than that of PMT-based cameras. In this paper, the design of preamplifier for the WFCTA camera is described. The dynamic range of SiPMs is studied, especially the non-linearity while the number of photons is large. A function is derived to describe the relationship between the number of fired cells and the total number of cells in the SiPM. The linearity of SiPMs follows the function well and could be corrected by the function. We also compared the performance of the SiPM and PMT under long time duration light pulses up to 3 µs, in order to investigate the stability of the gain of SiPMs. Moreover, the additional nonlinearities due to the nonuniform light distribution and the misestimation of the gain are also evaluated.
Introduction
The Large High Altitude Air Shower Observatory (LHAASO), located at Mt. Haizi in Sichuan Province, China, is a hybrid experiment designed for γ-ray astronomy and cosmic ray (CR) physics [1, 2] . The Wide Field of View Cherenkov Telescope Array (WFCTA), one of the three main components of LHAASO, will be operated in two main observation modes. The Cherenkov mode to measure the energy spectrum of CRs from 30 TeV to 300 PeV, requires the dynamic range of photosensors from 10 pes to 32,000 pes and the fluorescence mode to measure the ultra-high energy cosmic rays from hundreds of PeV to a couple of EeV, requires that the gain of the sensors is stable for long duration light pulse up to 3 µs.
The Silicon Photomultiplier (SiPM) is a relatively new type of photon sensor consisting of an array of independent avalanche photodiodes (APDs), so-called cells, which are connected in parallel and operated in Geiger mode [3] . The typical gain of SiPMs is around 10 6 while the operating voltage is less than 100V . Compared with the PMT, the SiPM has many advantages such as high gain at low operating voltage, no aging due to strong light exposure. The SiPMbased cameras can operate under high moonlight condition, the duty cycle of which could increase from 10% up to 30% with respect to PMT-based cameras. The First G-APD Cherenkov Telescope (FACT) has been exploring the usage of the SiPM technology on IACT [4] . The single mirror Small Size Telescopes (SST-1M) and dual mirror SSTs of the Cherenkov Telescope Array (CTA) project will use SiPM [5] .
The APDs in SiPMs are operated in Geiger mode, which means no matter how many photons hitting on one APD at the same time, the output of the APD will be the same. The fact causes that the dynamic range of SiPM is depended on the total number of cells and the uniformity of the distribution of photons hitting on the SiPM. In this paper, the SiPM samples and the design of the preamplifier for SiPM of WFCTA camera are described in Section 2, as well as the test system and methods to study the properties of SiPMs. The results of experiments are shown in Section 3, including dynamic range and performance under long duration light pulses of SiPMs. Additional nonlinearity due to non-uniformity of the distribution is simulated in this paper, and the details are discussed in Section 4.
Experiment and Methods

The SiPMs and the Preamplifier
We measured some samples from Hamamatsu, FBK and SensL and more details are listed in Table 1 . The dimensions of the avalanche photodiodes (APDs) are 25 µm or 50 µm. The temperature coefficients are 54mV / o C, 26mV / o C and 21.5mV / o C for samples from Hamamatsu, FBK and SensL respectively. Fig. 1(a) shows the design of preamplifier for LHAASO-WFCTA camera. The resistor R 2 converts the output of the SiPM from current to voltage, and influences the shape of the output signal. The pulses for different value of R 2 are shown in Fig. 1(b) . While the resistance R 2 = 3Ω, the FWHM of pulse is about 50 ns, which is suitable for the 50 MHz FADC in WFCTA electronics system. The preamplifier OPA846 is selected because of its high gain bandwidth and low input
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Test Scheme and Platform
The schematic diagram of the SiPM test system is shown in the Fig. 2 (a). The one-dimensional sliding platform, the light source and the SiPM with the preamplifier are placed in a dark box, while the pulse generator and the oscilloscope are out. The temperature is kept at around 20 o C by air conditioner in the room. There are three temperature sensors placed very close to the SiPM to monitor the temperature to adapt the operating voltage on the SiPM, All these devices of the system are controlled by a computer, and the procedures are completed automatically.
As shown in Fig. 2 pe /N D 2 pe , the relative deviation of the ratio from R 0 is defined as D line = (R − R 0 )/R 0 × 100% The SiPM is operated in Geiger mode, thus saturation happens while more than one photons hit on the same APD in the same readout window. The response of the SiPM could be expressed as Eq. (2.1) [6] , and the number of photoelectrons could be derived from Eq. (2.1), and is expressed
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where N f ired is the number of fired APDs, which is the measurement from the SiPM. N cell is the total number of cells. ε is the photon detection efficiency (PDE), N ph is the number of photons hitting on the SiPM, and then εN ph is the number of photon electrons, so-called N pe , which is the expected number of photoelectrons should be generated if there is no saturation due to the Geiger mode. During a long time duration pulse, there is a current through the SiPM and the resistor R 1 . The operating voltage on the SiPM will drop and the gain of the SiPM will be lower. The capacitor C 1 keeps the operating voltage as well as the gain of the SiPM stable, especially during a long light pulse.
In order to investigate the performance of the SiPM under long duration light pulses up to 3 µs, we compared it with a R7899, which is the PMT satisfying the requirements of LHAASO-WFCTA [7] . A PMT is mounted close to the SiPM and the LED is moved far from the two devices. The time duration of the pulse is varied from 20 ns to 3 µs while keeping the output of the PMT around 50 mV to avoid the saturation of the SiPM, and record the output of the two devices. If Q ∆T PMT and Q ∆T SiPM are the output of the PMT and SiPM, respectively, while the duration time is ∆T , and the ratio of the two outputs is R ∆T long = Q ∆T PMT /Q ∆T SiPM , the stability of the gain could be indicated by the relative deviation of R ∆T long from R 20ns long , as
3. Results Fig. 3(a) shows the dynamic ranges of all the SiPMs tested. The dynamic ranges are proportional to the total number of cells of the SiPM and follow the theoretical calculation with Eq. (2.1) very well. After correction by Eq. (2.2), the dynamic ranges of Hamamatsu and FBK samples are extended to more than 32000 pes. The dynamic range of SensL sample is about 6000 pes after correction because of its smaller N cell .
SiPM and Preamplifier for LHAASO-WFCTA B. Y. Bi The resolution is defined as σ /N pe ×100% where σ is the standard deviation of the distribution of N pe . As shown in Fig. 4(a) , the resolution of SiPMs are a little worse than a Poisson distribution which is the resolution of an ideal detector, due to noises from dark count, electronics and so on. The resolutions are almost the same before and after correction.
All of the telescopes will be operated as fluorescence telescopes, which requires the gain of the SiPM to be stable, especially under long duration pulses. According to the test result illustrated in Fig. 4(b) , the value of C 1 influences the stability of the gain of the SiPMs while the duration of light getting longer. While C 1 = 0.1µF the performance of the SiPM is very poor, and while C 1 = 1µF, the deviation of the gain of the SiPM is less than ±2% from 20 ns to 3 µs.
Additional Nonlinearities
In the telescopes of WFCTA, photons are collected by sphere reflective mirrors and the camera is located at the focus plane of the mirrors, which makes the distribution is not uniform. The situation is further worsened by the light concentrators, so-called the Winston cones [8] , used to improve the photon collection efficiency. These two factors make the distribution of photons hitting on the SiPM non-uniform. Eq. (2.2) is based on the assumption that photons hit on the SiPM uniformly and the non-uniformity is only due to the two factors above. We investigated
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SiPM and Preamplifier for LHAASO-WFCTA B. Y. Bi this situation by Monte-Carlo methods. The simulation was performed for primary proton with the energy range from 100 TeV to 1 PeV, which is enough to study the saturation of the SiPM. All of the primary cosmic ray events, including Cherenkov photons, are generated by the program CORSIKA-v7.4005 [9] , where the high energy hadronic interactions are simulated by QGSJETII-04 [10] and the low energy hadronic interactions by FLUKA(2011.2c) [11] . A simulation program has been developed for LHAASO-WFCTA, including ray-tracing of photons, response of SiPM and the electronics, and also the effect of the light concentrators. The photons hitting on the SiPM are counted and the output of the SiPM is recorded. Fig. 5(a) shows the results of the simulation for S13361-5488 from Hamamatsu. The total number of APDs of the SiPM is 230,400. If the distribution of light on the surface is uniform, the output of the SiPM is corrected perfectly by Eq. (2.2), which is an ideal condition. In the real case, simulated with the Monte-Carlo program of WFCTA including the mirrors and the concentrators, the deviation is less than 2% after correction while the number of photoelectron is less than 32,000 pes. The correction by Eq. (2.2) requires an accurate calibration of the gain of the SiPM to get the correct value of N f ired . The nonlinearity due to the over/under estimation of the gain is easily calculated by Eq (2.1) and (2.2). Fig. 5(b) shows the result of the calculation. The deviation is less than ±1% while overestimating or underestimating the gain by 10%.
Discussion and Conclusion
The design of the preamplifier for the SiPM for LHAASO-WFCTA is illustrated in Fig. 1(a) . The resistor chosen R 2 = 3Ω makes sure the duration of the output signal suitable for sampling by ADC.
As shown in Fig. 3 (a) the dynamic range is proportional to the total number of cells. The number of fired cells, the number of photoelectrons and the total number of cells are described by an exponential function (Eq. (2.1)) which could be used to correct the output number of photoelectrons. The dynamic range of SiPM follows well the theoretical line. The nonlinearity is less than ±2% after correction by Eq. (2.2).
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All the telescopes will work in fluorescence mode, where signals can last from hundreds of nanoseconds to several microseconds. The bypass capacitor C 1 keeps the gain of the SiPM stable, especially under long duration pulse, as be chosen of 1µF according to the result in Fig. 4(b) .
There is additional nonlinearity due to the uniform distribution of photons in real case with the mirrors and the concentrator. According to the simulation, while the total number of cells is 230,400, the dynamic ranges meet the requirements of LHAASO-WFCTA. We also calculate the additional non-linearity due to the over/under estimation of the gain of the SiPM, which is less than ±1% while overestimating or underestimating the gain by 10%. We have designed a new SiPM with 360,000 cells to make sure that there would not be saturation until more than 32,000 photoelectrons.
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